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In most power electronic systems, the instantaneous input and output power vary 
by time and are not exactly identical with each other. Hence, providing a good match 
between them is a complicated task to deal with if not impossible. Furthermore, due to 
the wide variation range of the processed power, the overall efficiency of the system is 
not high. The solution is to hybridize the system using an energy storage unit like in 
hybrid electric vehicles, power factor correction systems, and photovoltaic systems. 
Multi-input converters play a key role in such hybridized systems, where it is required to 
have more than one power source. Utilizing multi-input converters is preferred to using 
several independent converters (multiple converters) from efficiency, components count, 
size, cost, and performance points of view. Several types of multi-input converters have 
been proposed in the literature. However, there haven’t been many systematic approaches 
to derive multi-input converter topologies. Furthermore, all possible topologies are not 
completely explored and it is difficult to derive new converters from the existing 
topologies. In this thesis, a systematic approach to derive several new double-input 
converters using H-bridge cells or single-pole triple-throw switches as building blocks is 
proposed. Different operating modes and the switch realization of the new converters are 
obtained and their corresponding voltage ratios are derived. Bidirectional power flow is 
also considered. All of the proposed converters consist of only one inductor; hence, the 
number of passive elements that are required is reduced. The operating characteristics of 
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1. MULTIPLE CONVERTER SYSTEMS AND MULTI-INPUT CONVERTERS 
 
 
1.1. MULTIPLE CONVERTER SYSTEMS 
 
In most power electronic systems, input power, output demand, or both 
instantaneously change and are not exactly identical with each other at any time instant. 
Hence, providing a good match between them is a complicated task to deal with if not 
impossible. Furthermore, due to the wide variation of processed power, overall efficiency 
of the system is not high. Hence, additional energy sources are required to assist the main 
source in fulfilling the load demand. In that case, the operating point of the main source 
will have a much smaller variation window [1-6]. The additional energy sources may be 
energy storage devices which can be recharged in case they are out of power.  
The conventional approach of connecting multiple energy sources is placing them 
either in series or parallel with each other. Sources that are placed in series have to 
conduct the same current which is not always desirable. Also, as different sources have 
different voltage levels, they cannot be directly connected in parallel. Hence, multiple 
power electronic converters are required to connect multiple sources in a single system in 
order to supply the load demand.  
An example of a system which requires multiple converters is a photovoltaic (PV) 
system [7, 8], which is depicted in Figure 1.1. The system consists of two sources of 
power which are PV cells and battery pack. A solar powered system can supply energy 
only during the day time or in particular only during clear sky days. On a cloudy sky day 
or at night, they are not capable of supplying power that is required by the load. So the 
system requires an additional voltage sources e.g. batteries or ultracapacitors to fulfill the 
additional load demand. Also during clear sky days the excess power generated by the 
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solar power can be used to recharge the batteries. Hence, the use of multiple converters is 









Another example of a system which requires multiple converters is a hybrid 
electric vehicle (HEV). A basic hybrid vehicle consists of an internal combustion engine 
(ICE) and a battery pack. Batteries are used as an electric power source or as an energy 
storage unit. Other sources like ultracapacitors or flywheels can be used in place of 
batteries. To improve the performance and efficiency of an HEV, more than one of these 
sources may be used. Hence, the use of multiple converters is inevitable. Use of multiple 
converters makes it possible to run the ICE at optimal rating with maximum efficiency 
and any additional energy requirement (say during acceleration) can be made available by 
batteries and ultracapacitors. Block diagram of an HEV which consists of ultracapacitors 
and batteries is shown in Figure 1.2. One can observe that the system consists of two 
bidirectional dc-dc converters to connect batteries and ultracapacitors. 
 3
 




It is more advantageous to use multi-input converters rather than several 
independent converters as it results in less number of components, simple control, more 
stability, and also lower losses in the system. An example of a system using multi-input 
converters is shown in Figure 1.3. This system consists of a single multi-input converter 




Figure 1.3. Photovoltaic system using a multi-input converter 
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In this chapter several multiple converter systems are discussed first followed by 
the existing multi-input converters. 
 
 
1.2. CONVENTIONAL PARALLEL-CONNECTED CONVERTERS 
 
Figure 1.4 shows the block diagram of a system in which converters are 
connected in parallel. Separate dc-dc conversion stages are employed for individual 
sources [9-16]. These converters are linked together at the dc bus and controlled 
independently. In some systems, a communication bus may be included to exchange 
information and manage power flow between the sources. Various examples of such 
converters are interleaved boost converter, current-fed push–pull converter, phase-shifted 
full-bridge converter, three-phase converter etc. The main drawback of such system lies 
in the fact that it is inherently complex and has a high cost due to the multiple conversion 




Figure 1.4. Parallel connected converter 
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1.3. CONVENTIONAL SERIES-CONNECTED CONVERTERS 
 
An example of a system consisting series connected converters is shown in Figure 
1.5. This type of configuration is used for low power wind and solar applications [17]. 
Such a converter layout results from the series connection of the output stages of two 
switch-mode dc-dc step-up converters. In this circuit configuration, output voltage and 
current regulation is difficult, since both of the sources used may have the intermittent 
nature. The main disadvantage of such systems is that output current flows through both 
converters hence power loss is high. Also, the gating signals for the two input voltage 









1.4. MULTI-INPUT CONVERTERS BASED ON FLUX ADDITIVITY 
 
Placing converters either in parallel or series results in use of more number of 
components, more losses, and less efficiency. Hence, use of a single multi-input 
converter is preferred to using several multiple converters. One approach of deriving 
multi-input converters is using the principle of flux additivity [18-23]. In this method, 
sources are interconnected through a multi-winding transformer, so it is possible to 
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connect multiple sources having quite different voltage levels. Sources are galvanically 
isolated, which could be a compulsory requirement for safety reasons in some 
applications. In this type of systems, energy sources are combined in the magnetic form 
by adding up their produced magnetic flux together in the magnetic core of the coupled 
transformer instead of combining them in the electric form.  
1.4.1. Simple Isolated Buck-Boost or Fly Back Converter: This is a simple type 
of multi-input converter which is shown in Figure 1.6. The converter uses the principle of 
magnetic coupling to combine two input sources [24-38]. This converter has no bi-
directional power transfer capability. In general, as there are two primary windings which 








The converter in Figure 1.6 in general can have many inputs and many outputs 










1.4.2. Bi-directional Converters. A multi-input bidirectional dc-dc converter 
derived from a general topology is presented in [39, 40]. The topology shows a 
combination of dc-link and magnetic coupling. The dc-link is a method in which a 
number of different sources are linked together through switching cells to a dc bus where 
energy is buffered by means of capacitors. The resulting converters have the advantage of 
being simple in topology and have a minimum number of power devices.  
Figure 1.8 shows a Multiple-input zero voltage switching (ZVS) bidirectional dc-
dc converter [41, 42]. This converter has less switching losses and higher efficiency 
because the conduction loss due to input current in the boost and buck-boost converter is 
lower. During reverse power flow, this circuit cannot achieve zero voltage switching 
completely but it realizes reducing switching losses by the decrease of the switch voltage 
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at turn on. The low conduction loss can be achieved by using bi-directional two parallel 
boost converters instead of boost and buck-boost. Although this converter cannot achieve 
ZVS operation completely during reverse power flow, the switching loss is reduced by 









1.4.3. Advanced Bi-directional Converter Combining DC-link and Magnetic 
Coupling. The converter obtained by combining dc-link and magnetic coupling [43] is 
shown in Figure 1.9, the voltage source and the storage are interconnected through a dc 
bus because they have nearly equal operating voltages, and the load is incorporated 
through a transformer winding. Six switches are used and all the three ports are 
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bidirectional. This system is suitable for applications in which the low operating voltage 
of the source and storage need to be boosted to match the load-side high voltage, which 














The topology of Figure 1.9 looks similar to the topology given in [44] with the 
only difference being magnetic coupling. In addition to the converter circuit of Figure 
1.9, Figure 1.10 shows the possibility of coupling the storage directly to the dc-bus, 
showing a simpler topology [45]. In this case, only four switches are needed. However, 
the performance of this converter may not be as good as the converter in Figure 1.9, since 
the dc-bus voltage (i.e. the terminal voltage of the storage) should not vary over a wide 
range. If a super capacitor is chosen as the storage, the energy storage capacity of the 
super capacitor cannot be fully utilized because the energy is proportional to the square of 















1.5. MISCELLANEOUS TOPOLOGIES OF MULTI-INPUT CONVERTERS 
  
The converter circuit which is shown in Figure 1.11 is a multi-input boost 
converter which consists of standard inverter phase leg connected to a dc bus capacitor, 
where in more phase legs can be paralleled to accommodate more sources. This can be 
used for bi-directional power flow as the switches used are bidirectional-conducting, 




Figure 1.11. Three-port multi-input boost converter 
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Multi-input buck-boost converter, which is shown in Figure 1.12, is capable of 
interfacing sources of different voltage-current characteristics to a common load, while 
achieving a low part count [46, 47]. With multiple inputs, the energy source is diversified 
to increase reliability and utilization of renewable sources. The inputs are interfaced 
through a forward-conducting-bidirectional-blocking switch. However, it does not 
provide isolation between inputs, though isolation among outputs and inputs is optional. 
Bidirectional power flow to and from sources can be done extrinsically by using another 
converter connected from the output back to an input or by using the isolated multi-
output where some outputs are used to feed back to some inputs. This configuration, 
allows for only unidirectional power flow. For sources such as primary batteries, solar 
cells, and fuel cells, this is sufficient. This type of converter can operate both in 








Multi-input buck converter [46], which is shown in Figure 1.13, has dc sources 
that are placed in series with the diode like in the previous multi-input buck-boost 
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converter converter. This topology scales to more inputs as needed, but of course, is only 










The multi-input buck-boost converter can have inverted, non-isolated output with 
respect to the inputs by replacing the inductor with coupled inductors to form a circuit as 
shown in Figure 1.14. This provides isolation between the input and the output sources. 

















Double-input integrated buck-buckboost converter, which is shown in Figure 
1.15, is a simplified double-input converter with less number of switches, diodes, and 
inductors compared to the traditional multiple converters. It consists of switches, diodes 
equal to the number of input sources, an inductor and a capacitor [48-50]. The double-
input dc-dc converter can draw power from two different voltage sources simultaneously 
or individually. This type of converter has no bi-directional power flow capability. This 




Figure 1.15. Integrated double-input buck-buckboost converter 
 
 
     
Integrated buck-buck converter [50-53], which is shown in Figure 1.16, uses two 
bulk converters. This converter can also draw power from two different voltage sources 
simultaneously or individually. If each source operates individually the circuit operates as 










Integrated buckboost-buckboost converter [50-53], as depicted in Figure 1.17, 
uses two bulk converters like the previous converter. The restriction of this converter is 
that both switches are not allowed to be turned on simultaneously; hence, each source can 
provide power to the load individually or can be supplemented with energy stored in the 







Figure 1.17. Integrated double-input buckboost-buckboost converter 
 
 
An isolated half-bridge converter is proposed in [54-59] for grid-connected 
photovoltaic/wind application which interfaces three ports: a source, a bidirectional 
storage port, and an isolated load port. This multi-input converter, as depicted in Figure 
1.18, utilizes three basic modes of operation within a constant-frequency switching cycle 
to provide two independent control variables. This allows tight control over two of the 
converter ports, while the third port provides the power balance in the system. The 
switching sequence ensures a clamping path for the energy of the leakage inductance of 
the transformer at all times. This energy is further utilized to achieve zero-voltage 
switching for all primary switches for a wide range of source and load conditions. This 











As described earlier, multi-input converters can be implemented using either flux 
additivity or by combining the structure of the converters [60-63]. There is not a 
systematic approach to derive multi-input converters using building blocks until now. 
Also, all possible topologies are not completely explored and it is difficult to derive new 
converters from the existing topology. Hence, in this thesis, a systematic approach to 
derive multi-input converters by using H-bridge cells or single-pole triple-throw switches 
as building blocks is proposed. 
In chapter two, new double-input dc-dc converter topologies are derived using H-
bridge cells as building blocks and their operating modes and switch realization 
techniques are being discussed. In chapter 3, the voltage transfer ratios and the 
simulations of the new topologies are presented. In chapter 4, several other new double-
input converter topologies are derived using a single-pole triple-throw switch as building 
block. 
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 In modern power electronic systems, several power sources like batteries, 
ultracapacitors, PVs, fuel cells, generators etc. are used; therefore, utilization of multi-
input converters is inevitable. The advantage of using such converters is that they 
integrate different power sources while each one is allowed to have different power 
rating. A general example of a multi-input converter is shown in Figure 2.1. Here any of 
the two input sources can be used to provide power by using only a single multi-input 
converter. This ultimately reduces the size, parts count, and cost and also it increases the 









 In this chapter, a general approach of synthesizing double-input converters using 
H-bridge cells as building blocks is introduced. Each H-bridge cell is then simplified 




2.1. INTRODUCTION TO H-BRIDGE CELLS 
 
An H-bridge cell, as Figure 2.2 suggests, is comprised of four switches and a 
voltage source. The name ‘H-bridge’ is due to the physical appearance of the switches 
which resembles letter ‘H’. The source included in the cell can be a battery, 
ultracapacitor, PV system, or fuel cell system. When switches S1 and S3 are turned on 
(and S2 and S4 are open), output voltage is equal to V. When switches S2 and S4 are 
turned on (and S1 and S3 are open), output voltage is equal to -V. The ideal switches used 









 Different modes of operation of an H-bridge cell are shown in Table 2.1. From the 
table one can see that some of the modes are undetermined, as the output voltage is not 
determined by voltage source V. Furthermore, some modes are not allowed, as this result 
in the voltage source to be shorted which is not permitted. 
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Table 2.1. Output voltage of an H-bridge cell 
 
S1 S2 S3 S4 VO 
OFF OFF OFF OFF Undetermined 
ON OFF OFF OFF Undetermined 
OFF ON OFF OFF Undetermined 
OFF OFF ON OFF Undetermined 
OFF OFF OFF ON Undetermined 
ON OFF ON OFF  V 
OFF ON OFF ON -V 
ON OFF OFF ON 0 
OFF ON ON OFF 0 
ON ON OFF OFF Not allowed 
OFF OFF ON ON Not allowed 
ON ON ON OFF Not allowed 
ON OFF ON ON Not allowed 
ON ON OFF ON Not allowed 
OFF ON ON ON Not allowed 
ON ON ON ON Not allowed 
   
 
 In this thesis, an H-bridge cell with an inductor connected in series with its 
voltage source is called an enhanced H-bridge cell. An enhanced H-bridge cell, which is 
shown in Figure 2.3, consists of switch pairs S1 & S2 and S3 & S4 that cannot be open at 
the same time as this interrupts the continuous flow of the inductor current. One can 
observe  from the different modes of operation of an enhanced H-bridge cell, given in 
Table 2.2, that some of the modes which are not allowed in the previous case are allowed 
in this case as there is an inductor in series with the source. Also current of the inductor is 
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assumed to be continuous and having switches of one leg to be on is assumed to be 
allowed in Table 2.2. 
 
 




Table 2.2. Voltage across the inductor of an enhanced H-bridge cell 
 
S1 S2 S3 S4 VL 
OFF OFF OFF OFF Not allowed 
ON OFF OFF OFF Not allowed 
OFF ON OFF OFF Not allowed 
OFF OFF ON OFF Not allowed 
OFF OFF OFF ON Not allowed 
ON ON OFF OFF V 
OFF OFF ON ON V 
ON OFF OFF ON Not allowed 
OFF ON ON OFF Not allowed 
ON OFF ON OFF (V - VO) 
OFF ON OFF ON (V + VO) 
ON ON ON OFF V 
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Table 2.2. Voltage across the inductor of an enhanced H-bridge cell (continued) 
S1 S2 S3 S4 VL 
ON OFF ON ON V 
ON ON OFF ON V 
OFF ON ON ON V 
ON ON ON ON V 
 
 
2.2. DERIVATION OF DOUBLE-INPUT BUCK-BUCK CONVERTER USING H-
BRIDGE CELLS 
 
 A simple outline of a new dc-dc converter using H-bridge cells as building blocks 
is shown in Figure 2.4. Topology introduced in Figure 2.4, herein after named as buck-
buck converter, resembles the topology of a buck converter with two inputs. The 
advantage of this type of converter is that it contains only one inductor so the size, parts 
count, weight, and cost are reduced. By replacing H-bridge cells in a buck-buck converter 































Four modes of operation that occur under unidirectional power flow are depicted 
in Figure 2.6, focusing on the voltages across the inductor.  
MODE I (S1, S3, S6, & S7: on) 
 In this mode V1 supplies energy to the load and inductor L as depicted in Figure 
2.6 (a). 
MODE II (S2, S3, S5, & S7: on) 
 In this mode V2 supplies energy to the load and inductor L as depicted in Figure 
2.6 (b). 
MODE III (S2, S3, S6, & S7: on) 
 In this mode both the power sources are disconnected from the circuit. The energy 
stored in the inductor is being released to the load. Thus inductor gets de-energized 
during this mode as depicted in Figure 2.6 (c). 
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MODE IV (S1, S3, S5, & S7: on) 
In this mode both the power sources supply energy to the load and inductor L. 
Thus both the sources can operate simultaneously as depicted in Figure 2.6 (d).Voltage 




(a) Mode I 








(c) Mode III 
Figure 2.6. Different modes of operation of a double-input buck-buck converter using H-




(d) Mode IV 
Figure 2.6. Different modes of operation of a double-input buck-buck converter using H-




Table 2.3. Voltage across the inductor for different modes of operation of a double-input 
buck-buck converter using H-bridge cells 
 
Mode VL Switches ON 
I V1 - Vo S1, S3, S6, & S7 
II V2 - Vo S2, S3, S5, & S7 
III - Vo S2, S3, S6, & S7 
IV V1 + V2 - Vo S1, S3, S5, & S7 
 
 
It can be seen from the circuit operation that switches S4 and S8 are not used at all 
so they can be eliminated from the circuit. And also switches S3 and S7 are always on so 
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they can be shorted. Hence, the circuit topology can be reduced to Figure 2.7 which 




































In the above circuit the switches can be replaced by diodes or transistors. One 
may obtain the circuit with transistors and diodes by the following explanation. As the 
power flow through the inductor is unidirectional, iL should always be positive. 
  (If S1 is on è S2 is off) => (iS1 > 0 & VS2 < 0) 
  (If S2 is on è S1 is off) => (iS2 > 0 & VS1 > 0) 
As switch S2 conducts positive current and opposes negative voltage it can be 
replaced by a diode and as switch S1 conducts positive current and positive voltage it can 
be replaced by a transistor. Similarly S6 can be replaced by a diode and S5 can be replaced 
by a transistor. So the final circuit that is obtained is shown in Figure 2.8. 
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2.3. DERIVATION OF DOUBLE-INPUT BUCKBOOST-BUCKBOOST 
CONVERTER USING H-BRIDGE CELLS 
 
 A simple outline of new dc-dc converter using H-bridge cells as building blocks is 
shown in Figure 2.9. It consists of two H-bridge cells which can operate simultaneously 
or individually. Topology introduced in Figure 2.9, herein after named as buckboost-
buckboost converter, resembles the topology of a buckboost converter with two inputs. 
The advantage of this type of converter is that it contains only one inductor so the size, 
parts count, weight, and cost are reduced. By replacing H-bridge cells in a buckboost-
buckboost converter with their circuit topology, one would obtain Figure 2.10.  
 28
 









Four modes of operation that occur under unidirectional power flow are depicted 
in Figure 2.11, focusing on the voltages across the inductor.  
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MODE I (S1, S3, S6, & S7: on) 
 In this mode V1 supplies energy to inductor L. The negative of the sum of 
voltages VL and VO appears across diode D; hence it is reverse biased as depicted in 
Figure 2.11 (a). 
MODE II (S2, S3, S5, & S7: on) 
 In this mode V2 supplies energy to inductor L. The negative of the sum of 
voltages VL and VO appears across diode D; hence it is reverse biased as depicted in 
Figure 2.11 (b). 
MODE III (All are open) 
 In this mode both of the power sources are disconnected from the circuit. The 
energy stored in the inductor is being supplied to the load. Thus inductor gets de-
energized during this mode. In this mode diode D is forced to conduct, to provide a 
current path for the inductor as depicted in Figure 2.11 (c).  
MODE IV (S1, S3, S5, & S7: on) 
 In this mode both of the power sources supply energy to inductor L. Thus both of 
the sources can operate simultaneously in this mode. Diode D is reverse biased in this 










(b) Mode II 
Figure 2.11. Different modes of operation of a double-input buckboost-buckboost 






























(d) Mode IV 
Figure 2.11. Different modes of operation of a double-input buckboost-buckboost 





 Table 2.4. Voltage across the inductor for different modes of operation of a 






IV V1+ V2 
 
 
It can be seen from the circuit operation that switches S4 and S8 are not used at all 
so they can be eliminated from the circuit. And also switches S3 and S7 can be shorted. 









Figure 2.12. Derived topology of a double-input buckboost-buckboost converter using H-
bridge cells 
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In the above circuit the switches can be replaced by diodes or transistors. One 
may obtain the circuit with transistors and diodes by the following explanation. 
  (If S1 is on è S2 is off) => (iS1 > 0 & VS2 < 0) 
  (If S2 is on è S1 is off) => (iS2 > 0 & VS1 > 0) 
As switch S2 conducts positive current and opposes negative voltage it can be 
replaced by a diode and as switch S1 conducts positive current and positive voltage it can 
be replaced by a transistor. Similarly S6 can be replaced by a diode and S5 can be replaced 
by a transistor. So the final circuit that is obtained is shown in Figure 2.13. If node O is 
assumed to be a ground then V2 and load will have a ground connection but the output 










2.4. A SECOND WAY TO DERIVE DOUBLE-INPUT BUCKBOOST-
BUCKBOOST CONVERTER USING H-BRIDGE CELLS 
 
 A second way to derive double-input buckboost-buckboost converter is explained 
here. A simple outline of new dc-dc converter using H-bridge cells as building blocks is 
shown in Figure 2.14. It consists of two H-bridge cells which can operate simultaneously 
or individually. Topology introduced in Figure 2.14, herein after named as buckboost-
buckboost converter, resembles the topology of a buckboost converter with two inputs. 
The advantage of this type of converter is that it contains only one inductor so the size, 
weight, parts count, and cost are reduced. By replacing H-bridge cells in the buckboost-






























Four modes of operation that occur under unidirectional power flow are depicted 
in Figure 2.16, focusing on the voltages across the inductor.  
MODE I (S1, S3, S6, & S7: on) 
In this mode V1 supplies energy to inductor L. one can see that the negative of the 
load voltage appears across diode D; hence it is reverse biased as depicted in Figure 2.16 
(a). 
MODE II (S2, S3, S5, & S7: on) 
In this mode V2 supplies energy to inductor L. The negative of the sum of the 
voltages VO and V2 appears across diode D; hence it is reverse biased as depicted in 
Figure 2.16 (b). 
. 
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MODE III (S2, & S3: on) 
In this mode both of the power sources are disconnected from the circuit. The 
energy stored in the inductor is being supplied to the load. Thus inductor gets de-
energized during this mode as depicted in Figure 2.16 (c). In this mode diode D is forced 
to conduct to provide current path for the inductor.  
Switches S6 and S7 are not allowed to be on during this mode, otherwise, diode D 
will be reverse biased and there will be no energy transfer to the load 
 
MODE IV (S1, S3, S5, & S7: on) 
In this mode both of the power sources supply energy to inductor L. Thus both of 
the sources can operate simultaneously in this mode as depicted in Figure 2.16 (d). The 
negative of the sum of the voltages VO and V2 appears across diode D; hence it is reverse 
biased like in modes I and II. Voltages across the inductor for different modes of 










(b) Mode II 
Figure 2.16. Different modes of operation of a double-input buckboost-buckboost 











(d) Mode IV 
Figure 2.16. Different modes of a operation of double-input buckboost-buckboost 




 Table 2.5. Voltage across the inductor for different modes of operation of a 





III - Vo 
IV V1+ V2 
 
 
It can be seen from the circuit operation that switches S4 and S8 are not used at all 
so they can be eliminated from the circuit. In case of Mode III, S7 can be shorted as this 
will not vary the circuit operation. So switches S3 and S7 can be shorted. Hence the circuit 



















In the above circuit the switches can be replaced by diodes or transistors. One 
may obtain the circuit with transistors and diodes by the following explanation. As the 
power flow through the inductor is unidirectional, iL should always be positive. 
  (If S1 is on è S2 is off) => (iS1 > 0 & VS2 < 0) 
  (If S2 is on è S1 is off) => (iS2 > 0 & VS1 > 0) 
As switch S2 conducts positive current and opposes negative voltage it can be 
replaced by a diode and as switch S1 conducts positive current and positive voltage it can 
be replaced by a transistor. Similarly S5 can be replaced by a transistor. In case of switch 
S6, it cannot be replaced by a diode as this results in diode D to be reverse biased in mode 
III, hence, it is replaced by a transistor. So the final circuit that is obtained is shown in 
Figure 2.18.  
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If node O is assumed to be grounded, then the load will have a ground connection 
and also output voltage is positive, which is an advantage over the previous circuit of 











 A buckboost-buckboost converter has been reported in the literature [50]. This 
converter as depicted in Figure 2.19 has only two diodes; however, it has a mode 
limitation. Both switches S1 and S5 cannot be turned at the same time as this results in 
both the voltage sources directly coming in parallel. Different modes of operation of this 
converter are summarized in Table 2.6. Comparison of Tables 2.4, 2.5 and 2.6 clearly 









Table 2.6. Voltage across the inductor for different modes of operation of a double-input 
limited buckboost-buckboost converter of [50] 
 
Mode Voltage VL 
I V1 
II V2 









2.5. DERIVATION OF DOUBLE-INPUT BUCK-BUCKBOOST CONVERTER 
USING H-BRIDGE CELLS 
 
 The topology introduced in Figure 2.20, herein after named as buck-buckboost 
converter, resembles the topology of a buck and buckboost converter. The advantage of 
this type of converter is that it contains only one inductor so the size, weight, parts count, 
and cost are reduced. By replacing H-bridge cells in a buck-buckboost converter with 













Four modes of operation that occur under unidirectional power flow are depicted 
in Figure 2.22, focusing on the voltages across the inductor.  
MODE I (S1 & S3: on) 
In this mode V1 supplies energy to inductor L and the load as depicted in Figure 
2.22 (a). Diode D is forward biased because of the positive source voltage and positive 
output voltage applied across it.  
MODE II (S2, S3, S5, & S7: on) 
 In this mode V2 supplies energy to inductor L as depicted in Figure 2.22 (b). The 




MODE III (S2, & S3: on) 
 In this mode both of the power sources are disconnected from the circuit as 
depicted in Figure 2.22 (c). The energy stored in the inductor is being supplied to the 
load. Thus inductor gets de-energized during this mode. In this mode diode D is forced to 
conduct to provide current path for the inductor. 
MODE IV (S1, S3, S5, & S7: on) 
 In this mode both the power sources supply energy to inductor L as depicted in 
Figure 2.22 (d). The negative of the sum of voltages VO and V2 appears across diode D; 
hence it is reverse biased. Voltages across the inductor for different modes of operation 




(a) Mode I 
 
Figure 2.22. Different modes of operation of a double-input buck-buckboost converter 
using H-bridge cells 
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(c) Mode III 
 
Figure 2.22. Different modes of operation of a double-input buck-buckboost converter 




(d) Mode IV 
Figure 2.22. Different modes of operation of a double-input buck-buckboost converter 





Table 2.7. Voltage across the inductor for different modes of operation of a double-input 











I V1 - VO 
II V2 
III - VO 
IV V1+ V2 
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It can be seen from the circuit operation that switches S4, S6, and S8 are not used 
at all so they can be eliminated from the circuit. In case of Mode III, S7 can be shorted as 
this will not vary the circuit operation. So switches S3 and S7 can be shorted. Hence the 


































In the above circuit the switches can be replaced by diodes or transistors. One 
may obtain the circuit with transistors and diodes by the following explanation. As the 
power flow through the inductor is unidirectional, iL should always be positive. 
  (If S1 is on è S2 is off) => (iS1 > 0 & VS2 < 0) 
  (If S2 is on è S1 is off) => (iS2 > 0 & VS1 > 0) 
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As switch S2 conducts positive current and opposes negative voltage it can be 
replaced by a diode and as switch S1 conducts positive current and positive voltage it can 
be replaced by a transistor. Similarly S5 can be replaced by a transistor as it opposes 




















2.6. DERIVATION OF DOUBLE-INPUT BOOST-BOOST CONVERTER USING 
ENHANCED H-BRIDGE CELLS 
 
 Topology introduced in Figure 2.25, herein after named as boost-boost converter, 
resembles the topology of a boost converter with two inputs. By replacing enhanced H-
bridge cells in the boost-boost converter with their equivalent circuit topology, one would 
obtain Figure 2.26.  The restriction of this circuit is that switches S1, S3, S5, and S7 are not 
allowed to turn on at the same time as this operation results in both the inductors to align 
in series and this is not allowed as the inductors have different currents flowing through 

















Three modes of operation that occur under unidirectional power flow are depicted 
in Figure 2.27, focusing on the voltages across the inductor.  
MODE I (S1, S2, S5, & S6: on) 
 In this mode both of the power sources supply energy to both the inductors 
respectively as depicted in Figure 2.27 (a).  
MODE II (S1, S3, S5, S6 & S7: on) 
 In this mode V1 and inductor L1 supply energy to the load and also inductor L2 is 
charged by source V2 as depicted in Figure 2.27 (b). One can see that the current flowing 
through S6 can only be positive when i1 is less than i2. Also diode D is forward biased as 




MODE III (S1, S2, S3, S5, & S7: on) 
 In this mode V2 and inductor L2 supply energy to the load and also inductor L1 is 
charged by source V1 as depicted in Figure 2.27 (c). One can see that the current flowing 
through S2 can only be positive when i2 is less than i1. To go from mode II to mode III we 
have to make sure to turn S2 on first then turn S6 off as this will not lead to the inductors 
coming in series. Also diode D is forward biased as (V2 – VO) is applied across it which 
is positive. Table 2.8 shows the voltages across the inductor for different modes of 

























(a) Mode I 
 
Figure 2.27. Different modes of operation of a double-input boost-boost converter using 









(c) Mode III 
Figure 2.27. Different modes of operation of a double-input boost-boost converter using 





Table 2.8. Voltage across the inductor for different modes of operation of a double-input 
boost-boost converter using enhanced H-bridge cells 
 
Mode VL1 VL2 
I V1 V2 
II V1 – VO V2 
III V1 V2 – VO 
  
 
It can be seen from the circuit operation that switches S4 and S8 are not used at all 
so they can be eliminated from the circuit. And also switch S1, S3, S5, and S7 can be 
shorted. Hence the circuit topology can be reduced to Figure 2.28 which consists of only 




Figure 2.28. Derived topology of a double-input boost-boost converter using enhanced H-
bridge cells 
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Three modes of operation for the derived topology can be explained as follows. 
MODE I (S2 & S6: on) 
 In this mode both the power sources supply energy to both the inductors 
respectively.  
MODE II (S6: on) 
 In this mode V1 and inductor L1 supply energy to the load and also inductor L2 is 
charged by source V2. 
MODE III (S2: on) 
 In this mode V2 and inductor L2 supply energy to the load and also inductor L1 is 
charged by source V1. 
Thus the number of switches that are used is reduced to only two in spite of the 
disadvantage of having two inductors. 
In Figure 2.28 switches can be replaced by diodes or transistors depending on the 
requirement of the system. One may obtain the circuit with transistors and diodes by the 
following explanation.  
  (If S2 is on & S6 is on) => (iS2 < 0 & iS6 < 0) 
  (If S2 is on & S6 is off) => {VS6 < 0 & iS2 > 0 (or < 0) if i2 > i1 (or i2< i1)} 
  (If S2 is off & S6 is on) => {VS2 < 0 & iS6 > 0 (or < 0) if i1 > i2 (or i1< i2)} 
As switch S2 conducts both positive and negative currents and opposes negative 
voltage it should be replaced by a bidirectional switch. Similarly switch S6 conducts both 
positive and negative currents and opposes negative voltage, so it should be replaced by a 
bidirectional switch. So the final circuit that is obtained is shown in Figure 2.29. 
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Bidirectional switch consists of two MOSFETs with parallel diodes so that they can 










2.7. BIDIRECTIONAL DOUBLE-INPUT BUCKBOOST-BUCKBOOST 
CONVERTER USING H-BRIDGE CELLS 
 
 In this chapter, until now sources V1 and V2 are assumed to be power sources, 
which need not be recharged. However, if one of the sources is an energy storage unit, 
then it needs to be recharged regularly. For this purpose, the converter needs to have 
bidirectional power transfer capability. In this chapter, only bidirectional buckboost-
buckboost converter is derived, however, same approach is applicable to rest of the 
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converters introduced in this chapter. The converter of Figure 2.15 can have bidirectional 
capabilities, if we consider the following modes.  
MODE I (S1, S3, S6, & S7: on) 
In this mode V1 supplies energy to inductor L. one can see that the negative of the 
load voltage appears across diode D; hence it is reverse biased. 
MODE II (S2, S3, S5, & S7: on) 
 In this mode V2 supplies energy to inductor L. The negative of the sum of the 
voltages VO and V2 appears across diode D; hence it is reverse biased. 
MODE III (S2 & S3: on) 
 In this mode both the power sources are disconnected from the circuit. The energy 
stored in the inductor is being supplied to the load. Thus inductor gets de-energized 
during this mode. In this mode diode D is forced to conduct to provide current path for 
the inductor. 
MODE IV (S1, S3, S5, & S7: on) 
 In this mode both the power sources supply energy to inductor L. Thus both the 
sources can operate simultaneously in this mode. The negative of the sum of the voltages 
VO and V2 appears across diode D; hence it is reverse biased like in modes I and II. 
MODE V (S2 & S4: on) 
In this mode voltage source V1 is charged by the load. The system can be assumed 
to be a hybrid electric vehicle, so during regenerative braking, the energy is stored back 
in the power source V1, which is a battery for example. Voltages across the inductor for 
different modes of operation are shown in Table 2.9. 
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Table 2.9. Voltage across the inductor for different modes of operation of Bidirectional 





III - Vo 
IV V1 + V2 





It can be seen from the circuit operation that switch S8 is not used at all, so it can 
be eliminated from the circuit. In case of Mode III, S7 can be shorted as this will not vary 
the circuit operation. So switch S7 can be shorted. Hence the circuit topology can be 











In the above circuit the switches can be replaced by diodes or transistors. One 
may obtain the circuit with transistors and diodes by the following explanation.  
(If S1 & S3 are on è S2 & S4 are off) => (iS1 > 0, iS3 > 0, VS2 < 0 & VS4 < 0) 
(If S2 & S4 are on è S1 & S3 are off) => (iS2 > 0, iS4 > 0, VS1 > 0& VS3 > 0) 
(If S5 is on è S6 is off) => (iS5 > 0 & VS6 < 0) 
(If S6 is on è S5 is off) => (iS6 > 0 & VS5 > 0) 
As switch S2 conducts positive current and opposes negative voltage it can be 
replaced by a diode and as switch S1 conducts positive current and positive voltage it can 
be replaced by a transistor. Similarly S3 and S4 can be replaced by a transistor and diode 
respectively. In case of switch S6, it cannot be replaced by a diode as this results in diode 
D to be reverse biased in mode III, hence, it is replaced by a transistor. Switch S5 can be 
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replaced by a transistor as it conducts positive current and opposes positive voltage. So 
the final circuit that is obtained is shown in Figure 2.31. This principle can be applied to 






















Figure 2.31. Final circuit of bidirectional double-input buckboost-buckboost converter 




 In this chapter, new converters including buck-buck, buckboost-buckboost, buck-
buckboost, and boost-boost are derived using H-bridge cells. These converters except 
boost-boost consist of only one inductor and two switches, so they eliminate the complex 
structure of the converter circuits that are already available. Boost-boost converter has its 
own advantages, inspite of having two inductors. As the two voltage sources are 
dependent on each other in a boost-boost converter, one of the sources can be replaced by 
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an ultracapacitor. The converter can be changed accordingly to accommodate 
ultracapacitor. The voltage transfer ratios and simulation results of these converters will 




3. VOLTAGE TRANSFER RATIOS AND SIMULATION RESULTS OF MULTI-




 Voltage transfer ratio is the relationship between input and output voltages of a 
circuit described by the duty ratios. Voltage transfer ratio is obtained in steady-state mode 
of operation. 
 
3.1. VOLTAGE TRANSFER RATIO OF DOUBLE-INPUT DC-DC BUCK-BUCK 
CONVERTER 
 
 Double-input buck-buck converter using H-bridge cells, shown in Figure 3.1 
consists of two switches and two diodes. Switching pattern of switches S1 and S5 of the 
converter are shown in Figure 3.2. The pattern is true for all the possible arrangements of 
the converter as it consists of all the four modes. Table 3.1 shows the voltage across 




Figure 3.1. Double-input buck-buck converter using H-bridge cells 
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Table 3.1. Voltage across the inductor for different modes of operation of buck-buck 
converter 
 
 T1 T2 T3 T4 
S1 ON ON OFF OFF 
S5 OFF ON ON OFF 
VL V1 - VO V1 + V2 – VO V2 – VO - VO 
 
 
 One can see from Figure 3.2 that the sum of T1 and T2 is the on time of switch S1 
and sum of T2 and T3 is the on time of switch S5. Duty cycle is defined as the ratio of 
switch on time to the period. 
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TdTT *121 =+  (1) 
  
TdTT *232 =+  (2) 
  
 
T is the time period of the switching patterns of S1 or S5, and d1 and d2 are the 
duty cycles of switches S1 and S5 respectively. One can write the following equations 
based on Figure 3.2, Table 3.1, and volt-second balance equation of inductor. 
 
TTTTT =+++ 4321  (3) 
  
( ) 0)(*)(*)(* 42321211 =−+−+−++− OOOO VTVVTVVVTVVT  (4) 
 
This can be simplified as the following equation.  
 
)(*)(*)(* 4321322211 TTTTVTTVTTV O +++=+++  (5) 
 
Combining equations (1), (2), and (5) one can obtain the following equation 
which gives the relation between input and output. 
 
1*** 2211 OVdVdV =+   
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2211 *Vd*VdVO +=  (6) 
 
Equation (6) determines the transfer function of the double-input buck-buck dc-dc 
converter using H-bridge cells. It can also be observed that the output is positive as long 
as the two sources are positive. 
 Following the above procedure for other converters, one can obtain the transfer 
functions of all the converters which are shown in the following Table 3.2. 
 
 




Voltage transfer ratio Range of VO 





















































































=  V1, V2 < VO < ∞ 
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One can observe from Table 3.2, output voltage VO is positive as long as the input 
sources V1 and V2 are positive. And also the Table suggests that the voltage transfer ratio 
of the buckboost-buckboost converter depends on T2, where T2 is the overlap between the 
conduction of the two switches. If T2 is chosen to be zero, then the voltage transfer ratio 
will be similar to that of a limited buckboost-buckboost converter [50]. One can also see 
that voltages V1 and V2 of a boost-boost converter are not independent of each other if d1 




3.2. SIMULATION RESULTS OF DOUBLE-INPUT DC-DC CONVERTERS 
 
Figure 3.3 shows the typical simulation results of the buck-buck converter using 
Matlab-simulink. Two dc voltage sources V1 = 100 V and V2 = 150 V are used for the 
input voltage sources. The switching commands for S1 and S5 have fixed duty ratios of 
0.5 at the switching frequency of 100 KHz. From top to bottom are the waveforms of 
switching commands S1 and S5, inductor voltage VL, inductor current iL, capacitor current 
iC, output current iO, and the output voltage. One can observe from the waveforms that 
the average value of output voltage is around 125 V which can also be obtained from the 










S1 Gate Command 









Figure 3.4 shows the typical simulation results of the buckboost-buckboost 
converter using Matlab-simulink. Two dc voltage sources V1 = 100 V and V2 = 150 V are 
used for the input voltage sources. The switching commands S1 and S2 have fixed duty 
ratios of 0.5 at a switching frequency of 100 KHz. From top to bottom are the waveforms 
of switching commands S1 and S2, inductor voltage VL, inductor current iL, capacitor 
current iC, output current iO, and the output voltage.  
One can observe from the waveforms that the average of output voltage is around 
500 V which can also be obtained from the transfer function of Table 3.2. One can also 
observe that the output voltage can be varied simply by changing T2 (the overlap of 
conduction of both the switches) without actually changing the time periods of the gate 
commands. This can be verified from Figure 3.5, which shows that the average value of 
output voltage is around 625 V because T2 which was originally 0.25 was changed to 0.2, 





Figure 3.4. Simulation waveforms of double-input buckboost-buckboost converter 
 
 
S1 Gate Command 










Figure 3.5. Simulation waveforms of double-input buckboost-buckboost converter with 
different value of T2 
 
 
Figure 3.6 shows the typical simulation results of the buck-buckboost converter 
using Matlab-simulink. Two dc voltage sources V1 = 100 V and V2 = 150 V are used for 
the input voltage sources. The switching commands for S1 and S2 have fixed duty ratios 
of 0.5 at the switching frequency of 100 KHz. From top to bottom are the waveforms of 
switching commands S1 and S2, inductor voltage VL, inductor current iL, capacitor current 
iC, output current iO, and the output voltage. One can observe from the waveforms that 
S2 Gate Command 
 
VO 
S1 Gate Command 
 
 71
the average of output voltage is around 250 V which can also be obtained from the 





Figure 3.6. Simulation waveforms of double-input buck-buckboost converter 
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Figure 3.7 shows the typical simulation results of the boost-boost converter using 
Matlab-simulink. Two dc voltage sources V1 = 200 V and V2 = 100 V are used for the 
input voltage sources. The switching commands for S1 and S2 have fixed duty ratios of 
0.5 and 0.75 at the switching frequency of 100 KHz, respectively. From top to bottom are 
the waveforms of switching commands S1 and S2, inductor voltages VL1 and VL2, inductor 
currents iL1 and iL2, capacitor current iC, and the output voltage VO. One can observe from 
the waveforms that the average of output voltage is around 400 V which can also be 
obtained from the transfer function of Table 3.2. 
The simulation results are presented for all the four converters and the results are 
verified with the voltage ratios of table 3.2. Buckboost-buckboost converter has the 
advantage of changing the output voltage without actually changing the switching 
periods. Also this converter compared to the limited converter, has no limitation of 
connecting both the voltage sources in the circuit at the same time. In chapter 4, a new 
approach will be used to synthesize multi-input converters. 
 73
Figure 3.7. Simulation waveforms of double-input boost-boost converter 
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4. DERIVATION OF DOUBLE-INPUT DC-DC CONVERTERS USING A 





In order to combine the main source of power with the energy storage unit, either 
several independent converters or a single double-input converter can be used. The 
advantages of using a double-input converter are high efficiency, reduced component 
count, low cost, and simple control. In this chapter a single-pole triple-throw (SP3T) 
switch is used as the building block to realize four new double-input dc-dc converters. 
These new converters are named as double-input buck, double-input buckboost, double-
input buckboost-buck, and double-output boost converters. 
As the name suggests, SP3T switch consists of a single pole ‘P’ and three throws 
1, 2, and 3. Figure 4.1 shows basic representation of an SP3T switch that can be turned 
on with any of the three positions in contact with the pole. An SP3T switch can be 
realized by using three single-pole single-throw (SPST) switches, as depicted in Figure 





Figure 4.1. Single-pole triple-throw switch 
                                                                   
                                                                   
                                                                     









4.2. DERIVATION OF DOUBLE-INPUT BUCK CONVERTER USING AN SP3T 
SWITCH 
 
 Figure 4.3 shows the circuit diagram of the double-input buck converter using an 
SP3T switch [65, 66]. Voltage source V1 delivers power by keeping the switch at position 
1, voltage source V2 delivers power by keeping the switch at position 2, and position 3 
can be used for free wheeling purposes. Figure 4.4 shows the circuit diagram of the 
double-input buck converter using three SPST switches instead of a single SP3T switch. 








Figure 4.4. Double-input buck converter using three SPST switches 
                                             
                                          
                       
Figure 4.5 shows the switching patterns of three switches S1, S2, and S3. The 
pattern is true for all the possible arrangements of the converter. The three modes of 
operation that occur under regular circumstances are discussed below 
MODE I (S1: on) 
 In this mode V1 supplies energy to the load and inductor L. 
MODE II (S2: on) 
 In this mode V2 supplies energy to the load and inductor L. 
MODE III (S3: on) 
 In this mode both the power sources are disconnected from the circuit. The energy 
stored in the inductor is being released to the load. Thus inductor gets de-energized 
during this mode. 






















Table 4.1. Voltage across the inductor for different modes of operation of buck-buck 
converter using three SPST switches 
 
 I II III 
S1 ON OFF OFF 
S2 OFF ON OFF 
S3 OFF OFF ON 
VL V1-VO V2-VO -VO 
 
 
One can see from Figure 4.5 that T1 is the on time of switch S1, T2 is the on time 
of switch S2, and T3 is the on time of switch S3. T is the time period of the switching 
patterns of S1 or S2 or S3, and d1, d2, and d3 are the duty cycles of switches S1, S2 and S3 
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respectively. One can write the following equations based on Figure 4.5, Table 4.1, and 
volt-second balance equation of the inductor.     
 
TdT *11 =  (1) 
  
TdT *22 =  (2) 
  
TdT *33 =  (3) 
 
TTTT =++ 321  (4) 
  
( ) 0)(*)(* 32211 =−+−+− OOO VTVVTVVT  (5) 
 
This can be simplified as the following equation.  
 
)(*** 3212211 TTTVTVTV O ++=+  (6) 
 
Combining equations (1), (2), (3), and (6) one can obtain the following equation 
which gives the relation between input and output. 
 
1*** 2211 OVdVdV =+   
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Equation (7) determines the voltage transfer ratio of the double-input buck 
converter using three SPST switches. One can observe from (7) that this expression is 
equal to the voltage transfer ratio obtained in chapter three for a buck-buck converter, 
inspite of not having the mode where both the voltage sources supply energy to the load. 
Also the voltage transfer ratios that are obtained in this chapter will be the same as that 
for the previously proposed double-input converters. Hence, the focus here is the 





4.3. SWITCH REALIZATION OF DOUBLE-INPUT BUCK CONVERTER USING 
AN SP3T SWITCH 
 
In Figure 4.4, the switches can be replaced by diodes or transistors depending on 
the voltage levels of the system. One may obtain the circuit with transistors and diodes by 
the following explanation. As the power flow through the inductor is unidirectional, iL 
should always be positive. 
 
(If S1 is on è S2 and S3 off) => (iS1 > 0, VS2 = V2 – V1, and VS3 = -V1) 
(If S2 is on è S1 and S3 off) => (iS2 > 0, VS1 = V1 – V2, and VS3 = -V2)   
(If S3 is on è S1 and S2 off) => (iS3 > 0, VS1 = V1, and VS2 = V2) 
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One can observe that switch S1 conducts positive current but opposes either 
positive or negative voltages depending on the magnitude of V1 and V2; hence it can be 
replaced by a diode in series with a transistor. Similarly switch S2 can be replaced by a 
diode in series with a transistor. Switch S3, which conducts positive current and opposes 
negative voltage, can be replaced by a diode. So the final circuit that is obtained is shown 








The structure of the double-input buck converter can be simplified if V1 is greater 
than V2 (V1> V2). The switch realization equations changes accordingly    
 
(If S1 is on è S2 and S3 off) => (iS1 > 0, VS2 = V2 – V1 < 0, and VS3 = -V1 < 0) 
(If S2 is on è S1 and S3 off) => (iS2 > 0, VS1 = V1 – V2 > 0, and VS3 = -V2 < 0)   
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(If S3 is on è S1 and S2 off) => (iS3 > 0, VS1 = V1 > 0, and VS2 = V2 > 0) 
 
One can observe that switch S1 conducts positive current and opposes positive 
voltage; hence it can be replaced by a transistor. Similarly switch S2, which conducts 
positive current and opposes either positive or negative voltages, can be replaced by a 
diode in series with a transistor. Switch S3, which conducts positive current and opposes 
negative voltage, can be replaced by a diode. So the final circuit that is obtained is shown 








The structure of the double-input buck converter can be further simplified if V1 is 
greater than V2 (V1> V2) and mode III never occurs in the system. The switch realization 
equations changes accordingly    
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(If S1 is on è S2 off) => (iS1 > 0 and VS2 = V2 – V1 < 0) 
(If S2 is on è S1 off) => (iS2 > 0 and VS1 = V1 – V2 > 0)   
 
One can observe that switch S1 conducts positive current and opposes positive 
voltage; hence it can be replaced by a transistor. Switch S2 can be replaced by a diode as 
it conducts positive current and opposes negative voltage. So the final circuit that is 















4.4. DERIVATION OF DOUBLE-INPUT BUCKBOOST CONVERTER USING 
AN SP3T SWITCH 
 
Figure 4.9 shows the circuit diagram of a double-input buckboost converter using 
an SP3T switch. In this topology negative terminal of the input sources is connected to 
the positive terminal of the output voltage.  Figure 4.10 shows the circuit diagram of a 
double-input buckboost converter using three SPST switches instead of a single SP3T 
switch. It consists of three single SPST switches S1, S2, and S3 which can be turned on 



















The switching patterns of the three switches are the same as shown in Figure 4.5. 
The three modes of operation under regular circumstances are discussed below 
 
MODE I (S1: on) 
 In this mode V1 supplies energy to inductor L. 
MODE II (S2: on) 
 In this mode V2 supplies energy to inductor L. 
MODE III (S3: on) 
 In this mode both the power sources are disconnected from the circuit. The energy 
stored in the inductor is being released to the load. Thus inductor gets de-energized 




Table 4.2. Voltage across the inductor for different modes of operation of a double-input 
buckboost converter using three SPST switches 
 
 I II III 
S1 ON OFF OFF 
S2 OFF ON OFF 
S3 OFF OFF ON 
VL V1 V2 -VO 
 
 
One can see from Figure 4.5 that T1 is the on time of switch S1, T2 is the on time 
of switch S2, and T3 is the on time of switch S3. T is the time period of the switching 
patterns of S1 or S2 or S3, and d1, d2, and d3 are the duty cycles of switches S1, S2 and S3 
respectively. One can write the following equations based on Figure 4.5, Table 4.2, and 
volt-second balance equation of the inductor. 
    
TdT *11 =  (8) 
  
TdT *22 =  (9) 
  
TdT *33 =  (10) 
 
TTTT =++ 321  (11) 
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( ) 0)(*)(* 32211 =−++ OVTVTVT  (12) 
 
This can be simplified as the following equation.  
 
)(*** 32211 TVTVTV O=+  (13) 
 
Combining equations (8), (9), (10), and (13) one can obtain the following 
equation which gives the relation between input and output. 
 






















Equation (14) determines the voltage transfer ratio of the double-input buckboost 
converter using three SPST switches. One can observe from (14), that it is equal to the 
voltage transfer ratio of limited buckboost-buckboost converter discussed in chapter three 
(see Table 3.2).  
 
 
4.5. SWITCH REALIZATION OF DOUBLE-INPUT BUCKBOOST 
CONVERTER USING AN SP3T SWITCH 
 
In the circuit of Figure 4.10, the switches can be replaced by diodes or transistors 
depending on the voltage levels of the system. One may obtain the circuit with transistors 
and diodes by the following explanation. As the power flow through the inductor is 
unidirectional, iL should always be positive. 
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(If S1 is on è S2 and S3 off) => (iS1 > 0, VS2 = V2 – V1, and VS3 = - (V1 + VO)) 
(If S2 is on è S1 and S3 off) => (iS2 > 0, VS1 = V1 – V2, and VS3 = - (V2 + VO))   
(If S3 is on è S1 and S2 off) => (iS3 > 0, VS1 = V1 + VO, and VS2 = V2 + VO) 
 
One can observe that switch S1 conducts positive current but opposes either 
positive or negative voltages depending on the magnitude of V1 and V2; hence it can be 
replaced by a diode in series with a transistor. Similarly switch S2 can be replaced by a 
diode in series with a transistor.  Switch S3 which conducts positive current and opposes 
negative voltage, can be replaced by a diode. So the final circuit that is obtained is shown 
in Figure 4.11. The structure of this topology may also be further simplified like in the 




Figure 4.11. Final double-input buckboost converter using an SP3T switch 
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 The circuit diagram of Figure 4.11 can be redrawn in a more familiar format as 



























4.6. DERIVATION OF DOUBLE-INPUT BUCKBOOST-BUCK CONVERTER 
USING AN SP3T SWITCH 
 
Figure 4.13 shows the circuit diagram of a double-input buckboost-buck converter 
using an SP3T switch. The circuit diagrams of Figures 4.9 and 4.13 are more or less the 
same with only difference being that source V2 in Figure 4.9 is connected between the 
load and the switch, whereas in Figure 4.13, it is connected between the ground and the 
switch. Figure 4.14 shows the circuit diagram of a double-input buckboost-buck 
converter using three SPST switches instead of a single SP3T switch. It consists of three 










         
 
 




The switching patterns of the three switches are the same as shown in Figure 4.5. 
The three modes of operation that occur under regular circumstances are discussed below 
MODE I (S1: on) 
 In this mode V1 supplies energy to inductor L. 
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MODE II (S2: on) 
 In this mode V2 supplies energy to the load and inductor L. 
MODE III (S3: on) 
 In this mode both the power sources are disconnected from the circuit. The energy 
stored in the inductor is being released to the load. Thus inductor gets de-energized 





Table 4.3. Voltage across the inductor for different modes of operation of buckboost-
buck converter using three SPST switches 
 
 I II III 
S1 ON OFF OFF 
S2 OFF ON OFF 
S3 OFF OFF ON 
VL V1 V2 - VO -VO 
 
 
One can see from Figure 4.5 that T1 is the on time of switch S1, T2 is the on time 
of switch S2, and T3 is the on time of switch S3. T is the time period of S1 or S2 or S3, and 
d1, d2, and d3 are the duty cycles of switches S1, S2 and S3 respectively. One can write the 
following equations based on Figure 4.5, Table 4.3, and volt-second balance equation of 
the inductor. 
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TdT *11 =  (15) 
  
TdT *22 =  (16) 
  
TdT *33 =  (17) 
 
 
TTTT =++ 321  (18) 
( ) 0)(*)(* 32211 =−+−+ OO VTVVTVT  (19) 
 
This can be further simplified as the following equation.  
 
 
)(*** 232211 TTVTVTV O +=+  (20) 
 
Combining equations (15), (16), (17), and (20) one can obtain the following 
equation which gives the relation between input and output. 
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Equation (21) determines the voltage transfer ratio of the double-input buckboost-
buck converter using three SPST switches. One can observe from (21), that it is equal to 
the voltage transfer ratio obtained in chapter three for buck-buckboost converter expect 
that the sources are interchanged. It can also be observed that the output is positive as 




4.7 SWITCH REALIZATION OF DOUBLE-INPUT DC-DC BUCKBOOST-BUCK 
CONVERTER USING AN SP3T SWITCH 
 
In Figure 4.14, the switches can be replaced by diodes or transistors depending on 
the voltage levels of the system. One may obtain the circuit with transistors and diodes by 
the following explanation. As the power flow through the inductor is unidirectional, iL 
should always be positive. 
 
(If S1 is on è S2 and S3 off) => (iS1 > 0, VS2 = V2 – (V1+ VO), and VS3 = – (V1+ VO)) 
(If S2 is on è S1 and S3 off) => (iS2 > 0, VS1 = V1+ VO – V2, and VS3 = - (V2) 
(If S3 is on è S1 and S2 off) => (iS3 > 0, VS1 = V1 + VO, and VS2 = V2) 
 
One can observe that switch S1 conducts positive current but opposes either 
positive or negative voltages depending on the magnitude of V1, V2 and VO; hence it 
should be replaced by a diode in series with a transistor. Similarly switch S2 can be 
replaced by a diode in series with a transistor. Switch S3 which conducts positive current 
and opposes negative voltage, can be replaced by a diode. So the final circuit that is 
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obtained is shown in Figure 4.15. The structure of this topology can also be simplified 




Figure 4.15. Final double-input buckboost-buck converter using an SP3T switch 
 
 
4.8. DERIVATION OF DOUBLE-OUTPUT BOOST CONVERTER USING AN 
SP3T SWITCH 
 
Figure 4.16 shows the circuit diagram of a double-output boost converter using an 
SP3T switch. Load R1 consumes power by keeping the switch at position 1, load R2 
consumes power by keeping the switch at position 2, and position 3 can be used for free 
wheeling purposes.  Figure 4.17 shows the circuit diagram of a double-output boost 








                                                                               
 
 
Figure 4.17. Double-output boost converter using three SPST switches 
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The switching patterns of the three switches are the same as the previous 
converter which is shown in Figure 4.5. The three modes of operation that occur under 
regular circumstances are discussed below 
MODE I (S1: on) 
 In this mode VIN supplies energy to inductor L and load 1. 
MODE II (S2: on) 
 In this mode VIN supplies energy to inductor L and load 2. 
MODE III (S3: on) 
 In this mode both the loads are disconnected from the circuit and inductor is being 




Table 4.4. Voltage across the inductor for different modes of operation of double-output 
boost converter using three SPST switches 
 
 I II III 
S1 ON OFF OFF 
S2 OFF ON OFF 
S3 OFF OFF ON 
VL VIN - VO1 VIN - VO2 VIN 
 
 
One can see from Figure 4.5 that T1 is the on time of switch S1, T2 is the on time 
of switch S2, and T3 is the on time of switch S3.          
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TdT *11 =  (22) 
  
TdT *22 =  (23) 
  
TdT *33 =  (24) 
 
T is the time period of  S1 or S2 or S3, and d1, d2, and d3 are the duty cycles of 
switches S1, S2 and S3 respectively. One can write the following equations based on 
Figure 4.5, Table 4.4, and volt-second balance equation of the inductor. 
 
TTTT =++ 321  (25) 
  
( ) 0)(*)(* 32211 =+−+− INOINOIN VTVVTVVT  (26) 
 
This can be simplified as the following equation.  
 
)(*** 3212211 TTTVTVTV INOO ++=+  (27) 
 
Combining equations (22), (23), (24), and (27) one can obtain the following 
equation which gives the relation between input and output. 
 
INOO VdVdV =+ 2211 **   
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2211 OOIN *Vd*VdV +=  (28) 
 
Equation (28) determines the voltage transfer ratio of the double-output boost 
converter using three SPST switches. One can observe from (28), that the output voltages 
are independent of each other. But a limitation was there for the source voltages of the 
double-input boost-boost converter in chapter three. At first glance, (28) may look 
different than the voltage transfer ratio of a single output boost converter. The difference 
lies beneath the way the duty ratios are defined. 
 
 
4.9. SWITCH REALIZATION OF DOUBLE-OUTPUT BOOST CONVERTER 
USING AN SP3T SWITCH 
 
In Figure 4.17, the switches can be replaced by diodes or transistors depending on 
the system. One may obtain the circuit with transistors and diodes by the following 
explanation. As the power flow through the inductor is unidirectional, iL should always be 
positive. 
 
(If S1 is on è S2 and S3 off) => (iS1 > 0, VS2 = VO1 – VO2, and VS3 = VO1) 
(If S2 is on è S1 and S3 off) => (iS2 > 0, VS1 = VO2 – VO1, and VS3 = VO2)   
(If S3 is on è S1 and S2 off) => (iS3 > 0, VS1 = - VO1, and VS2 = - VO2) 
 
One can observe that switch S1 conducts positive current and opposes either 
positive or negative voltage depending on the magnitude of the load voltages; hence it 
can be replaced by a diode in series with a transistor. Similarly switch S2 can be replaced 
 98
by a diode in series with a transistor. Switch S3 which conducts positive current and 
opposes positive voltage, can be replaced by a transistor. So the final circuit that is 
obtained is shown in Figure 4.18.  It is worth mentioning that it is necessary to 
commutate S1 by turning the switch S3 and then turning switch S2, instead of directly 
turning switch S2 after S1. This is because as the inductor current is continuous S2 cannot 
be turned on by turning off S1 as this results in discontinuous inductor current, instead S1 















4.10. SIMULATION RESULT OF DOUBLE-OUTPUT BOOST CONVERTER 
 
Figure 4.19 shows the typical simulation result of the double-output boost 
converter using Matlab-simulink. A dc voltage source VIN = 100 V is used. The switching 
commands S1, S2, and S3 have duty ratios of 0.35, 0.35 and 0.5 at a switching frequency 
of 10 KHz, 10 KHz, and 20 KHz respectively. From top to bottom are the waveforms of 
switching commands S1, S2, and S3, inductor voltage VL, inductor current iL, and the 
output voltages VO1 and VO2. Effective value for d1 is the non overlapping part of S1 and 
S3 gate commands which is 0.25. Similarly, effective value for d2 is 0.25. This is the 
reason that the sum of output voltages which is around 400 V cannot be directly obtained 
from the transfer function expressed by (28). Instead, it can be obtained when the exact 
duty ratios are substituted. In this case d1 and d2 are each 0.25. 
Different converter topologies are realized using a single-pole triple-throw switch. 
As the voltage transfer ratios of double-input buck, buckboost, and buckboost-buck are 
similar to those obtained in chapter three, their simulation results are almost the same 












S1 Gate Command 
S2 Gate Command 










 In this thesis, several new double-input converters have been proposed using H-
bridge cells or single-pole triple-throw switches as building blocks. The operating modes 
of the converters and their switch realization are discussed. The double-input converters 
that are derived using H-bridge cells are buck-buck, buckboost-buckboost, buck-
buckboost, and boost-boost. All of these converters except for the boost-boost converter 
consist of only one inductor. This results in reduced size, weight, losses, and ultimately 
increased efficiency of the converters. The voltage transfer ratios of these converters are 
obtained and simulation results are used to verify the voltage transfer ratios and the 
operating characteristics. The proposed converters can also be modified to acquire 
bidirectional power transfer capabilities. Buckboost-buckboost converter with 
bidirectional power transfer capabilities is realized in chapter two.  The switch realization 
of this converter is also explained in this chapter.  
Furthermore, double-input buck, buckboost, buckboost-buck, and double-output 
boost converters are proposed using a single-pole triple-throw switch. All of these 
converters consist of only one inductor; hence, they share the same advantages as the 
converters that are derived using H-bridge cells.  Switch realization and voltage transfer 
ratios of these converters are obtained accordingly.  Simulation results of double-output 
boost converter are also provided. The converters that are proposed in this thesis can be 
used in ultracapacitor enhancement of battery packs in automotive applications or 
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